We apply perturbative QCD factorization theorems to inclusive heavy hadron decays, and obtain simultaneously a low semileptonic branching ratio BR(B → Xlν) without increasing the average charm yield n c per B decay, a small lifetime ratio τ (Λ b )/τ (B d ), and the correct absolute decay widths of the B meson and of the Λ b baryon.
Dynamics of heavy hadrons is greatly simplified in the limit of infinite quark mass. Heavy quark effective theory (HQET) provides a systematic expansion of QCD in this limit, which makes possible an almost-first-principle analysis of inclusive heavy hadron decays. Two different QCD-based approaches have been developed to study these decays: the HQET-based operator product expansion (OPE) [1] and perturbative QCD (PQCD) factorization theorems [2] . In the OPE formalism the relevant hadronic matrix elements are expanded in inverse powers of the heavy quark mass M Q . By contrast, in the PQCD formalism the factorization of a decay rate into a hard subamplitude and a universal heavy hadron distribution function is performed according to inverse powers of the heavy hadron mass M H . It has been shown that to order 1/M Q the two approaches give identical results in the case of inclusive semileptonic decays [2] .
One of the puzzles in heavy hadron decays is the explanation of the low lifetime ratio τ (Λ b )/τ (B d ) = 0.79±0.06 [3] . The OPE prediction to O(1/M 2 b ), M b being the b quark mass, is about 0.99 [4] . When including the O(1/M 3 b ) corrections, the ratio depends on six unknown parameters, and the prediction somehow becomes model-dependent. From various model estimates, it appears that the ratio is around 0.97, which is still far beyond the correct value. It is known that the replacement of the overall M 5 Q factor in front of nonleptonic decay widths by the corresponding hadron mass M
5
H provides a possible solution to the puzzle [5] , since (M B /M Λ b ) 5 = 0.73, M B and M Λ b being the B meson mass and the Λ b baryon mass, respectively, is close to the observed ratio. As pointed out in [6] , the same replacement also explains the absolute B meson decay rate, while the OPE approach using the expansion parameter M b accounts for only 80% of the decay rate. However, the kinematic replacement for nonleptonic decays is at most an ad hoc phenomenological ansatz without solid theoretical base.
In a series of publications [2, 7] , we have performed the PQCD factorization of inclusive heavy hadron decays according to hadronic kinematics, such that the above replacement is implemented naturally. Generally speaking, a decay rate is expressed as the convolution of a hard b quark decay subamplitude with a universal heavy hadron distribution function and several jet functions for light energetic final states. The hard subamplitude, dominated by short-distance contributions, can be evaluated in usual perturbation theory. While the distribution function, which describes the Fermi motion of the heavy quark inside the heavy hadron, and is an outcome of the resummation of nonperturbative power corrections, must be extracted from experimental data of other processes. The jet function contains double logarithms from the overlap of collinear and soft enhancements in radiative corrections, which should be summed to all orders.
For the semileptonic decays b → clν, because the final-state c quark is massive, there are no double logarithms and thus no jet functions. The transverse momentum p ⊥ carried by the b quark is introduced as a factorization scale, above which PQCD is reliable, and radiative corrections are absorbed into the hard subamplitude, and below which physics is regarded as being purely nonperturbative, and absorbed into the distribution function. Hence, the factorization formula simply involves a hard subamplitude and a heavy hadron distribution function. The distribution function can be parametrized by its moments using the HQET-based OPE. The first three moments have been fixed from the photon energy spectrum of the B → X s γ decay [8] , which then lead to QCD-based model-independent predictions for other inclusive B meson decay modes. To facilitate the factorization, we work in the impact parameter b space, which is the Fourier conjugate variable of p ⊥ .
For the nonleptonic modes b → cūd and b → ccs, which involve more complicated strong interactions, additional subprocesses need to be included except for those in the semileptonic cases. These modes involve three scales: the W boson mass M W , at which the matching condition of the effective Hamiltonian for nonleptonic decays to the original Hamiltonian is defined, the characteristic scale t of the hard subamplitude, which reflects the specific dynamics of heavy hadron decays, and the b quark transverse momentum p ⊥ , or equivalently 1/b, which serves as the factorization scale mentioned above. To analyze the nonleptonic decays, we have proposed a three-scale factorization formalism [9] that embodies both effective field theory and the standard PQCD factorization theorems. The hard gluon exchanges among quarks, which generate logarithms of M W , are factorized into a harder function [9] . Collinear and soft divergences exist in radiative corrections simultaneously, when the light final-state quarks, such asū, d, and s, become energetic. The resultant double logarithms ln 2 (pb),p being the jet momentum defined later, are absorbed into the corresponding jet functions.
The various logarithmic corrections are summed to all orders using the resummation technique and renormalization-group (RG) equations, whose results are the evolutions among the scales M W , t, and 1/b. The summation of the logarithms ln(M W /t) is identified as the Wilson coefficient of the effec-tive Hamiltonian, which describes the evolution from the characteristic scale M W of the harder function to the characteristic scale t of the hard subamplitude. The summation of the logarithms ln(tb) leads to the evolution from t to 1/b. The double logarithms ln 2 (pb) in the jet functions are resummed to give a Sudakov factor [2, 10] , which suppresses the long-distance contributions from the large b region, and thus improves the applicability of PQCD.
With the above ingredients, we have calculated the branching ratios of the modes b → clν, b → cūd and b → ccs involved in the inclusive B meson decays [11] . It was observed that the decay rate of the single-charm mode b → cūd is enhanced by the QCD evolution effects more than the double-charm mode b → ccs is. In this way the semileptonic branching ratio B SL ≡ BR(B → Xlν) is suppressed without increasing the average charm yield n c per B decay. The controversy of the small B SL in inclusive B meson decays, which cannot be explained by the quark model, is then resolved. This solution differs from the usual attempts in the literature, in which the b → ccs mode is increased more.
In this letter we shall further show that our formalism provides a possible explanation of the low lifetime ratio τ (Λ b )/τ (B d ). In the current experimental status, we treat the moment of the Λ b baryon disribution function as a free parameter. Different dynamics between the Λ b baryon and B meson decays are then reflected by the moments of their corresponding distribution functions. It will be found that with reasonable choices of the parameter, we obtain a larger (more than 10%) difference in the Λ b baryon and B meson lifetimes. Our predictions for the absolute decay widths of the B meson and of the Λ b baryon are also consistent with the data.
We first quote the factorization formulas for the semileptonic and nonleptonic B meson decays [11] . The various momenta involved in the semileptonic decays
are expressed, in terms of light-cone coordinates, as
where the minus component p − l vanishes for massless leptons. For conve-nience, we adopt the scaling variables,
with the kinematic ranges,
where E l is the lepton energy and q ≡ p l + p ν the momentum of the lepton pair. The constants α and β are 
The functionJ c denotes the final-state cut, which is in fact part of the hard subamplitude. We factorize it out in order to compare Eq. (6) with the formulas in the nonleptonic cases below. J c and H in momentum space are expressed as [11] 
Equation (9) is obtained by computing the lowest-order b → clν diagram. The universal B meson distribution function f B , determined from the B → X s γ decay, is given by [8] ,
which minimizes the model dependence of our predictions. The b-dependent exponential in the above expression parametrizes the infrared renormalon contribution at large b. Through the z and b dependences of f B , the soft spectator effect is taken into account in our formalism. Ignoring the penguin operators, the effective Hamiltonian for the nonleptonic decay b → ccs is
with the four-fermion current-current operators,
For the b → cūd mode, V cs and thec and s quark fields are replaced by V ud and theū and d quark fileds, respectively. It is simpler to work with the operators
(O 2 ± O 1 ) and their corresponding coefficients c ± = c 2 (µ) ± c 1 (µ), since they are multiplicatively renormalized. The expressions of the Wilson coefficients c ± to the next-to-leading order are referred to [12] .
To simplify the analysis, we route the transverse momentum p ⊥ of the b quark through the outgoing c quark as in the semileptonic cases, such that the c quark momentum is the same as before. For kinematics, we make the correspondence with thec (ū) quark carrying the momentum of the massive (light) lepton τ (e and µ) and with the s and d quarks carrying the momentum ofν. The scaling variables are then defined exactly by Eq. (3). The factorization formulas for the nonleptonic decay rates are quoted as [11] 
The functionsJ i , i = c andc for the b → ccs mode and i = c for the b → cūd mode, and the light-quark jet functionsJ j , j = s for the b → ccs mode and j =ū, d for the b → cūd mode, represent the final-state cuts as Eq. (8).
The B meson distribution function f B , being universal, is the same as that employed for the semileptonic decays. The double logarithms contained inJ j have been resummed into the Sudakov factor [2, 10] ,
where the upper bound of the Sudakov evolution is chosen as the sum of the longitudinal components of p j ,p
We refer to [13] for the full expression of the exponent s. In the numerical analysis below, exp(−s) is set to unity asp j < 1/b. In this region the outgoing quarks are regarded as being highly off-shell, and no double logarithms are associated with them. These quark lines should be absorbed into the hard subamplitude, instead of into the jet functions. Another exponential factor comes from the RG summation of the single logarithms ln(tb), which is written as [2, 10] 
γ J j = −2α s /π and γ S = −C F α s /π being the anomalous dimensions of the jet function and of the distribution function, respectively. The summation of the single logarithms ln(M W /t) leads to the Wilson evolution denoted by c ± (t). The scale t is chosen as the multiple of the maximal relevant scales,
with κ an adjustable parameter of order unity. Though other scales besides t still lurk in the hard part, the logarithms they generate are relatively small. Note that t, depending on the quark kinematics, probes the dynamics of heavy hadron decays. Since the large b region is Sudakov suppressed by exp(−s) as stated before, t remains as a hard scale, and the perturbative evaluation of the hard subamplitude H is reliable. The above formalism can be generalized to the Λ b baryon decays straightforwardly, for which the hard subamplitudes H, the jet functions J, and the Wilson coefficients c ± remain the same but with the kinematic variables of the Λ b baryon inserted. Only the Λ b baryon distribution function bears the essential difference from the B meson decays, for which we assume the similar parametrization
with
The moment associated with f Λ b (z) need to be treated as a free parameter, since spectra of Λ b baryon decays are still absent, and f Λ b has not been determined yet. The relations of the parameters N, a and ǫ to the first three moments of f Λ b (z) are demanded by HQET:
Note that λ 1 andΛ are not physically well defined quantities due to the presence of infrared renormalon ambiguity. They may bear very different values in different schemes.
We argue that only λ 1 (Λ b ) is a free parameter. The moments of the B meson distribution function obey a mass relation similar to Eq. (21),
Since the parametersΛ(B) = 0.65 GeV and λ 1 (B) = −0.71 GeV 2 have been extracted from the available B → X s γ spectrum (see Eq. (10) Table I , where the hard parameter κ is varied to reflect the theoretical uncertainty. Our predictions are not sensitive to the change of M c . The difference of the results for M c = 1.5 GeV from those for M c = 1.6 GeV is less than 5%. For the nextto-leading-order Wilson coefficients, we adopt the 't Hooft-Veltman (HV) scheme. The difference between the HV and naive dimensional reduction (NDR) schemes is also less than 5%. On the experimental side, the CLEO group reports B SL = (10.19 ± 0.37)% and n c = (1.12 ± 0.05) [14] , while the CERN e + e − collider LEP measurements give B SL = (11.12 ± 0.20)% and n c = (1.20 ± 0.07) [15] . [17] , are also consistent with the data. In Table  II we compare the branching ratio of each mode in the B meson and Λ b baryon decays in terms of the quantities τ τ ν = BR(b → cτν)/BR(b → clν), τ ud = BR(b → cūd)/BR(b → clν), and τ cs = BR(b → ccs)/BR(b → clν), and observe that B SL is enhanced and all τ 's and n c decrease a bit. It is interesting to examine these tendencies in future experiments.
In summery, the PQCD analysis presented here indicates that it is possible to achieve a consistency between the experimental data and the pre- 
